In the eastern South Pacific Ocean, at a depth of about 200 m, a salinity minimum is found. This minimum is associated with a particular water mass, the ''Shallow Salinity Minimum Water'' (SSMW). SSMW outcrops in a fresh tongue (S min ) centered at about 45ЊS. The S min appears to emanate from the eastern boundary, against the mean flow. The watermass transformation that creates SSMW and S min is investigated here. The S min and SSMW are transformed from saltier and warmer waters originating from the western South Pacific. The freshening and cooling occur when the water is advected eastward at the poleward side of the subtropical gyre. Sources of freshening and cooling are air-sea exchange and advection of water from south of the subtropical gyre. A freshwater and heat budget for the mixed layer reveals that both sources equally contribute to the watermass transformation in the mixed layer. The freshened and cooled mixed layer water is subducted into the gyre interior along the southern rim of the subtropical gyre. Subduction into the zonal flow restricts the transformation of interior properties to diffusion only. A simple advection/diffusion balance reveals diffusion coefficients of order 2000 m 2 s Ϫ1 . The tongue shape of the S min is explained from a dynamical viewpoint because no relation to a positive precipitation-evaporation balance was found. Freshest S min values are found to coincide with slowest eastward mixed layer flow that accumulates the largest amounts of freshwater in the mixed layer and creates the fresh tongue at the sea surface. Although the SSMW is the densest and freshest mode of water subducted along the South American coast, the freshening and cooling in the South Pacific affect a whole range of densities (25.0-26.8 kg m Ϫ3 ). The transformed water turns northward with the gyre circulation and contributes to the hydrographic structure of the gyre farther north. Because the South Pacific provides most of the source waters that upwell along the equatorial Pacific, variability in South Pacific hydrography may influence equatorial Pacific hydrography. Because one-half of the transformation is found to be controlled through Ekman transport, variability in wind forcing at the southern rim of the subtropical gyre may be a source for variability of the equatorial Pacific.
Introduction
The tropical/extratropical exchange of water can be viewed as a meridional-vertical or subtropical cell (STC) driven by subduction and upwelling, which are connected via Ekman transport and interior flow. In the extratropics water is subducted from the mixed layer and flows equatorward in interior wind-driven pathways and western boundary currents. Near the equator this water upwells back into the mixed layer and is transported poleward to the subduction sites through the meridional component of the Ekman transport [see Schott et al. (2004) for an STC review]. STCs have been identified in all oceans using observational data (e.g., Johnson and McPhaden 1999; Schott et al. 2002; Zhang et al. 2003) and models (e.g., McCreary and Lu 1994; Rothstein et al. 1998) .
One interest in studying the STCs is their potential involvement in low-frequency climate variability of the ocean-atmosphere system, because both upwelling and subduction are controlled through air-sea exchange of momentum, heat, and freshwater. In particular the variability of the Pacific Ocean STC is of importance, because it may be related to El Niño-Southern Oscillation (ENSO) with its far-reaching socioeconomic impacts. Pacific variability has been decomposed into interannual and interdecadal variability (Zhang et al. 1997) . Interannual variability is usually associated with the ENSO phenomenon and may be explained through atmosphere-ocean interplay near the equator. Decadal variability, however, could be the result of variability that is generated in the extratropical ocean and subsequently advected to the equator. Two mechanisms have been (Levitus et al. 1998) . Salinity values from 33.5 to 34.8 are shaded, and sea surface density anomaly contours of 0.5 kg m Ϫ3 are overlaid. The fresh tongue is labeled S min , and the position of the section shown in the lower panel is marked. (bottom) Meridional salinity section, part of World Ocean Circulation Experiment (WOCE) line P19 (Tsuchiya and Talley 1998) . The SSMW core and the AAIW core are labeled.
proposed to generate variability based on temperature (T) and transport (v). Kleeman et al. (1999) proposed a model solely based on fluctuations in STC transport, that is, without fluctuations in the temperature field (vЈ ) . Fluctuations in transport generate sea-surface T temperature fluctuations that could feed back on the atmospheric circulation. Observational evidence for transport fluctuations in the near-equatorial flow has been presented by, for example, McPhaden and Zhang (2002) and Meinen et al. (2001) . Gu and Philander (1997) proposed a mechanism based on the advection of temperature anomalies with an average flow field ( TЈ) . Subducted temperature anomalies in the extrav tropics appear with a time lag at the equator. Their upwelling causes temperature anomalies to appear in the Tropics that feed back onto the atmospheric meridional circulation. The appearance of a warm anomaly along the equator strengthens the extratropical wind and, through an increase of evaporation, introduces a cold anomaly in the extratropics. The subduction of such a cold anomaly then appears with a time lag along the equator where its upwelling initiates a cold anomaly there. However, the persistence of temperature anomalies subducted into the subtropical gyre is currently under debate. Hindcast runs of coupled ocean-atmosphere models suggest that equatorial Pacific isothermal depth variability may be generated by the local wind stress (and Ekman pumping) variability at the equator rather than from anomalies of extratropical origin (Schneider et al. 1999) . In particular for the North Pacific little coupling between Tropics and extratropics was found. However, Yeager and Large (2004) identified sea-surface temperature variability along the equator generated through isopycnal advection of not only temperature but temperature/salinity (T/S) anomalies. They analyzed output of an ocean model forced with 40 years of realistic surface fluxes. Their work emphasizes the role of both heat and freshwater anomalies in decadal variability. McCreary and Lu (1994) showed that thermocline water moving equatorward originates from the east and poleward side of the subtropical gyres. This suggests for the South Pacific (SP) that the Southern Ocean (SO) can play a role in ventilating the Pacific equatorial thermocline (Toggweiler et al. 1991; . A prominent exchange path from the SO toward the equator in all Southern Hemisphere oceans is the fresh tongue of Antarctic Intermediate Water (AAIW). AAIW has its origin in the subduction of polar surface waters (see, e.g., Molinelli 1978) and spreads at the base of the subtropical gyres, at depths between 600 and 1000 m. However, with a core density anomaly of about 27.2 kg m Ϫ3 , AAIW lies below the water that upwells along the Pacific equator. Upwelling along the Pacific equator is, rather, fed in the density range of waters advected in the Equatorial Undercurrent (EUC) and the subsurface countercurrents (SCC) (Rowe et al. 2000) , the subsurface pathways from west to east (and deep and shallow) along the equator. The equatorial Pacific is fed by about 60% from the SP. The densest water that upwells is 26.8 kg m Ϫ3 (Johnson and McPhaden 1999; Rodgers et al. 2003) .
A second fresh tongue is found above AAIW in the interior of the southeast SP (at about 26 kg m Ϫ3 ; see Fig. 1 ) named ''Shallow Salinity Minimum Water'' (SSMW; Reid 1973; Tsuchiya and Talley 1996) or Eastern South Pacific Intermediate Water (Emery and Meincke 1986; Schneider et al. 2003) . SSMW is found in both hemispheres. Its formation has been explained through the sinking of subantarctic surface waters below higher-salinity waters (e.g., Reid 1973) . Consequently one expects a corresponding signature in the sea surface salinity where SSMW is subducted. North Pacific surface waters freshen north of the subtropical gyre and along the eastern boundary ( Fig. 1 ) so that the conceptual model for SSMW formation holds here. In the SP, however, a local meridional fresh tongue is located at about 45ЊS. Consequently, a simple northward transfer VOLUME 34
Temperature-salinity diagrams of data along zonal sections in the South Pacific, South Atlantic, and southern Indian Ocean from WOCE data (WOCE Data Products Committee 2000) . Thick black/white line is the second-order polynomial best fit to the Atlantic data.
of fresh surface water with subsequent subduction cannot explain the formation of SSMW in the SP entirely.
SSMW outcrops in a fresh surface tongue (S min ) (see Fig. 1 ). The shape of S min prompted a number of investigators to infer a westward flow at the southern rim of the SP subtropical gyre (see Deacon 1977 for a review). Such a flow, in combination with coastal freshwater input and a positive precipitation-evaporation balance, was thought to generate the surface salinity pattern with lowest salinities in the east (Davila et al. 2002; Schneider et al. 2003) . However, a clear signal of westward flow between the eastward-flowing subtropical gyre and the eastward-flowing extension of the ACC was never detected. Neshyba and Fonseca (1980) suspected transient eddies contributed to the westward transport but data coverage was too sparse to prove this idea.
In this paper we study watermass transformation in the southern part of the SP subtropical gyre to explain the formation of S min and SSMW. After introducing the data, transformation mechanisms for mixed layer and thermocline waters are discussed. A zonal mixed layer budget is used to quantify the importance of air-sea exchange and advection. Then the role of diffusion in the watermass transformation is discussed. The formation of S min is explained as an advective feature. Last, variability of the watermass transformation and its relation to decadal variability of the hydrographic structure of the SP and Equatorial Pacific are discussed.
Data
The ocean surface and interior data products used in this study are mainly the 1990-99 average temperature, salinity, and velocity fields from the beta-7 version of the simple ocean data assimilation (SODA) analysis (Carton et al. 2000a,b) . SODA involves an optimal interpolation assimilation of data in a numerical model (the Modular Ocean Model MOM-2, GFDL, Princeton, New Jersey). Sea surface temperature, altimeter sea surface height, and temperature and salinity profile data are assimilated. The model domain covers all oceans between 60ЊS/N with a horizontal resolution of 1Њ ϫ 1Њ in latitude/longitude in the subtropics, 0.45Њ ϫ 1Њ in the Tropics. The model is optimized for physics of the upper ocean; 14 of its 20 vertical levels placed in the upper 500 m. We will treat the SODA analysis fields as upperocean climatologies.
Surface flux momentum, evaporation, and precipitation fields are taken from the National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) reanalysis (Kistler et al. 2001) , which was also used to generate or force the SODA analysis (Carton et al. 2000b) . Comparison studies between NCEP-NCAR reanalysis data and direct observations (e.g., Smith et al. 2001) found the NCEP data to overestimate fluxes (latent and sensible heat) by about 20 W m Ϫ2 . This introduces an error for the net heat flux as well as for the freshwater flux (precipitation Ϫ evaporation balance) via latent heat. We decided to use both the original data (NCEP) and a version reduced by 20 W m Ϫ2 (NCEP-20W) for the calculations. For comparison, the Southampton Oceanographic Center (SOC) air-sea flux fields (Josey et al. 1998; Grist and Josey 2003) as well as the da Silva et al. (1994a,b) climatology are used. Both are based on observational data and both climatologies are ''constrained'' via a linear inverse analysis using hydrographic ocean heat transports.
Upper-layer hydrography and dynamics
The hydrographic structure of the SP subtropical gyre is complex in comparison with the other oceans. Temperature/salinity (T-S) diagrams of zonal sections in the subtropics at 20ЊS and 30ЊS (Fig. 2) in the three oceans reveal that the interior of the SP cannot be characterized by a single Central Water ''line'' as in the southern Indian and Atlantic Oceans, but shows more scatter, most pronounced at about 26 kg m Ϫ3 . The southern Indian and Atlantic Oceans are quite similar in their T/S distributions over the density range 26-27 kg m Ϫ3 , which matches also the western SP characteristic. Toward the east, however, the SP is considerably fresher and colder on isopycnals than the other two oceans. To investigate this feature we recall the mechanisms responsible for the transformation of properties of the mixed layer and the way the modified properties are transferred into the interior (Fig. 3) .
The mixed layer is dominated by mixing on various time and space scales (see, e.g., Woods 1985) . Water advected near the surface from other ocean regions, such as the fresher water from the ACC in the SP or rainwater, is rapidly blended into the mixed layer and change its properties. The interior connection with the mixed layer, the outcrop, migrates meridionally through the seasonal cycle of air-sea exchange, poleward in summer and equatorward in winter. This movement is accompanied by a seasonal stratification underneath the mixed layer, the seasonal thermocline. An important control surface in thermocline-mixed layer system is the base of the deepest mixed layer, usually found in late winter. Most dramatic changes in the depth of the mixed layer base usually occur between late winter and early spring. The depth change traps winter properties in the seasonal thermocline and a net flux from mixed layer into thermocline occurs (Stommel 1979; Woods 1985; CushmanRoisin 1987) . However, exchange occurs year-round and can have both directions: flux out of the mixed layer (subduction) and into the mixed layer (obduction; Qiu and Huang 1995) . The dominant ventilation time scales of the mixed layer are seasonal, excluding possible longer-term changes in the mixed layer topography and forcing. The interior/thermocline ventilation time scales depend on the volume of neighboring isopycnals and the annual mean subduction rate into the respective isopycnals. Ventilation times of the permanent thermocline are larger than a year, up to the order of decades.
Large-scale flow in the mixed layer is the sum of geostrophic and ageostrophic components (e.g., Wijffels et al. 1994) . The ageostrophic component, mainly the Ekman current, dominates near the surface but vanishes with depth where the geostrophic component gain importance. The vertical integral of the Ekman current, the Ekman transport, constitutes the upper branch of the STC over large parts of the midlatitude subtropical gyres. At low latitudes an interior geostrophic return flow has also been documented (Wyrtki 1981) . A direct estimate of the Ekman currents and associated transports is possible from a combination of hydrographic and ve-locity measurements (see, e.g., Wijffels et al. 1994 ). However, if one is only interested in the vertical integrated transport components, they can be derived from the meridional and zonal wind stress (e.g., Gill 1982) . In contrast to the mixed layer, the thermocline is dominated by lateral/isopycnal transport of properties, rather weak cross-isopycnal mixing, and geostrophic flow.
Surface forcing and mixed layer dynamics
Watermass transformation occurs at boundaries through exchange processes or in the interior through mixing. Mixed layer water is constantly transformed through air-sea interaction, lateral advection in the mixed layer, and entrainment at the mixed layer base. Strongest advection in the mixed layer occurs near the surface by Ekman flow. Over large parts of the subtropical gyres the wind field is predominately zonal and consequently the Ekman transport is meridional (Fig.  4a ). In the context of the STC, the zero meridional Ekman transport line, located in the SP at about 30ЊS (Fig. 4a) , is the separator between higher-and lower-latitude origin of the surface waters participating in the STC.
The zero meridional Ekman transport line coincides with a surface density anomaly of about 25 kg m Ϫ3 (Fig.  4b ). Over one seasonal cycle (one year) the relative position between density and zero meridional Ekman transport is fairly fixed in the east while it is more variable in the west, changing in the Tasman Sea between 30ЊS in summer and 40ЊS in winter (not shown here). The reverse is true for the seasonal movement of the surface outcrop density (not shown here): In the west it follows the movement of the zero meridional Ekman transport (Ϯ0.2 kg m Ϫ3 ) while in the east variability is higher (Ϯ0.5 kg m Ϫ3 ). Although the meridional Ekman transport dominates over large parts of the SP, the zonal Ekman transport plays a role in the eastern boundary upwelling region. It advects relatively cold and saline water from the upwelling region and explains the homogeneous and relative high surface density in the eastern subtropics (Fig.  4b) .
Ocean heat loss ( Fig. 4c) is intense in the western boundary current region and in the Tasman Sea. Here, warm tropical waters are advected poleward into regions underlying a colder atmosphere. High evaporation leading to high latent and sensible heat loss is a consequence. There is also high latent heat loss through evaporation in the region between 10Њ and 30ЊS in the eastern SP. Intense heat gain occurs over the equatorial upwelling region and over the intense coastal upwelling along South America. The region south of the zero meridional Ekman transport shows patches of positive and negative heat flux. The heat gain between 40Њ and 50ЊS from about 20Њ to 80ЊW is a significant feature related to the northward advection of fresh and cold water through Ekman transport from the south as well as to a positive freshwater flux. Both advection and the positive freshwater flux promote the formation of a shallow barrier layer in summer, blocking the vertical heat exchange, and surface waters warm more intensely. High interannual variability of the sea surface temperature in summer has been observed in this region (A. Montecinos 2002, personal communication) , which is possibly related to the variability in barrier-layer intensity. The barrier layer is eroded in autumn/winter through convective overturning driven by heat loss.
A positive freshwater flux can be found south of 30ЊS ( Fig. 4d ) and is connected with the western equatorial Pacific through the South Pacific convergence zone (SPCZ). The SPCZ is a result of convergent flow around the Indonesian low and high pressure over the eastern subtropical South Pacific.
The surface pattern of Ekman transport as well as heat and freshwater fluxes suggests that the upper branch of the STC can be split into two transformation regions: One is for water denser than about 25 kg m Ϫ3 that is transformed south of 30ЊS. This branch will be discussed below in more detail. The second branch is for water less dense than 25 kg m Ϫ3 that has its source in the equatorial upwelling. Here mixed layer water is transformed through the negative freshwater flux in the east and the positive freshwater flux in the west. We will not discuss this branch in detail.
To illustrate how the water parcels behave in the Ekman layer, trajectories were calculated for particles released at 5Њ and 53ЊS (Fig. 4e) . The average of the upper two layer velocities from the SODA analysis was used. The flow patterns are over large parts as one would expect from the Ekman layer transport (Fig. 4a) . The trajectories are oriented meridionally and converge at 30ЊS. Two regions are not reached by particles: In the southwest, west of New Zealand, particles have their origin farther west, south of Australia. This is in agreement with what we see from the interior properties suggesting western Pacific water to be similar to the southern Indian Ocean water (Fig. 2) . The other exceptional region is between 10Њ and 30ЊS in the eastern SP. The mixed layer here is populated through particles that originate from the eastern boundary upwelling.
From the Ekman transport divergence the mean vertical pumping term was derived (Fig. 4f) . More or less the whole gyre is dominated by Ekman pumping. Exceptions are the eastern boundary upwelling region and under the SPCZ north of 20ЊS. In general, Ekman pumping is stronger north of the zero meridional Ekman transport line.
Exchanges between mixed layer and thermocline
The mixed layer is not only modified through air-sea exchange and advection, but also through the net export of water through subduction at the base of the mixed layer (Fig. 3) . Earlier SP studies (de Szoeke 1987; Huang and Qiu 1998; Karstensen and Quadfasel 2002) have shown that in our region of interest, south of 30ЊS, the subtropical gyre is dominated by subduction. Consequently we consider in the following only the net export. Subduction in the SP has been analyzed by de Szoeke (1987) based on the classical Luyten et al. (1983) model, which accounts for an Ekman-pumpingdriven subduction only (cf. Fig. 4f ). Later studies considered the seasonal mixed layer variability (Huang and Qiu 1998; Karstensen and Quadfasel 2002) . However, for density anomalies smaller than 26.6 kg m Ϫ3 transports are similar in all publications and of order 25 Sv (Sv ϵ 10 6 m 3 s Ϫ1 ). The aforementioned studies focused mainly on the integral fluxes between the mixed layer and the thermocline, but in this study the regional distribution of water mass properties associated with the subduction is of interest. Because the subducted properties coincide with the properties of the deepest (austral winter) mixed VOLUME 34 layer base, we searched for the highest and lowest values in the winter mixed layer base salinity for given temperature bins (gray dots and black triangles in Fig. 5) . Each of the so determined T-S pairs is associated with a subduction location (Fig. 5, right) . For the density range from 24.0 to 26.0 kg m Ϫ3 , two subduction regions are identified. Both incorporate equatorial upwelling as well as water from south of the zero meridional Ekman transport line. In the Tasman Sea, in the west, water with a nearly constant salinity of 35.5 and temperatures between 15Њ and 25ЊC is subducted. Part of the water has been called South Pacific Subtropical Mode Water (Roemmich and Cornuelle 1992) although South Pacific Western Subtropical Mode Water (SPWSTMW) appears to be more appropriate to distinguish it from its eastern counterpart. The subducted waters denser than SPWSTMW resemble the T-S properties of the other two Southern Hemisphere gyres (Fig. 2) . Within the mode water density range but in the eastern SP, ventilation occurs over a much wider range of salinities from 34 to 36.5 and temperatures from 10Њ to 25ЊC, but they tend to compensate in density. Note the weak surface density gradient at the surface (Fig. 4b) . Water subducted in this region has been termed South Pacific Eastern Subtropical Mode Water (SPESTMW; Hanawa and Talley 2001; Wong and Johnson 2003) and, as its western counterpart, incorporates equatorial and southern source waters. Last, a third subduction region is located at the southern rim of the SP subtropical gyre. Here, mixed layer water with characteristics in between western and eastern water is subducted and, as will be shown below, modifies the interior properties through lateral diffusion.
For each region [western (S1), eastern (S2), and southern (S3) (Fig. 6) ], the annual mean subduction rate (S ann ) was evaluated from an analysis of the vertical velocities at the base of the winter mixed layer (H) (Marshall et al. 1993) :
Two contributions make up the annual mean subduction: 1) the ''corrected'' Ekman pumping term (Ϫw H ), which incorporates a correction for the meridional barotropic forcing of the mixed layer through the wind (Williams 1989) , and 2) the component of the horizontal geostrophic flow perpendicular to the local tilt of the mixed layer base (Ϫu H ١H).
We derived mean transports in density anomaly bins of 0.2 kg m Ϫ3 from the annual mean subduction rates and associated areas. The calculations were done with the 1990-99 average of the SODA velocities and hydrographic fields. The winter (September-October) mixed layer depth was derived as the depth at which the density exceeded the surface density by 0.125 kg m Ϫ3 . The subduction rates calculated from the SODA analysis for the density range of interest agree well with the rates based on the World Ocean Atlas 1998 (WOA98) climatology (Karstensen and Quadfasel 2002) . This confirms that the average SODA products are an adequate substitute for the WOA98 climatology and that the geostrophic flow with reference to 2000 dbar, as used in K A R S T E N S E N Karstensen and Quadfasel (2002) , allows estimation of the wind-driven flow field of the SP.
Subduction rates in the east (S2) and south (S3) are both about 18 Sv, while subduction in the west (S1) is only one-half, of order 10 Sv (Fig. 6, lower panels) . As already mentioned, the water in the western region (S1) with density exceeding 26 kg m Ϫ3 has similar characteristics to the other two oceans, and the less-dense water above is much fresher. This freshening is the consequence of advection in the mixed layer from the western Pacific warm pool region where the surface waters are modified by a positive freshwater flux. In S1 the mixed layer water injected into the interior is rather evenly distributed in density, with 0.7 Sv in all 0.2 kg m Ϫ3 density bins. In the eastern subduction region (S2), water of densities between 24 and 26.2 kg m Ϫ3 is subducted. Water in the density range from 25.6 to 26.2 kg m Ϫ3 , which is formed at a rate of 2 to 3 Sv, is what we regard as SSMW. However, largest transports are associated with the SEPSTMW with a formation rate of order 10 Sv for densities between 24.8 and 25.4 kg m Ϫ3 . These values are similar to those given by Wong and Johnson (2003) based on results from Huang and Qiu (1998) .
Last, the subduction along the southern rim of the subtropical gyre (S3) has the largest transfer of dense water when compared with the other two regions. Subduction here is mainly between 26.7 and 27.1 kg m Ϫ3 , which is in the Subantarctic Mode Water range (McCartney 1977) . AAIW subduction is not covered here because it occurs, with a core density of about 27.2 kg m Ϫ3 , south of the data/model domain. As a note, Carton et al. (2000a) compared synoptic sections with fields from the SODA analysis and found large differences in temperature and salinity at the base of the mixed layer. Differences increased toward the equator. They suspected weak subduction rates in the model and problems with the surface forcing, particularly freshwater fluxes. The weak subduction may be related to the way that the momentum is vertically distributed in the SODA underlying model. NCEP windstress-based Ekman transports (see below) are similar to the transport in the upper two layers (Յ22.5 m) of the SODA analysis. This suggests that momentum flux is limited to the upper two layers in the SODA underlying model. Such shallow Ekman flow is in contrast to observational studies (e.g., Wijffels et al. 1994 ) that found Ekman flow as deep as 70 m in the lower subtropics. This ageostrophic flow may contribute significantly to the lateral component of subduction (u ageo,H ١H), in particular for the shallow depth near the equator, and may in part explain the too-low subduction rates in SODA. However, for the subduction rates we calculated for the subtropics this is less of a problem because the depth of the winter mixed layer base south of 30ЊS is on average about 80 m and too deep for a significant direct ageostrophic influence.
Mixed layer freshwater and heat budget
To quantify the relative importance of air-sea exchange and transport processes (northward Ekman transport, eddy-driven transport) a mixed layer heat and freshwater budget is constructed. We limit our calculations to the watermass transformation associated with the northward meridional Ekman transport. This region is characterized by increased freshening and cooling from west to east (Fig. 5, left) . A basic assumption in our calculations is the zonal west-to-east transfer of water at the southern rim of the subtropical gyre. The existence and spatial structure of such a flow will be discussed in more detail below.
The budget is calculated in two steps: First we analyzed the freshwater (FW) and heat (H) needed to transform the mixed layer water with the western characteristics (S west , T west ) into mixed layer water of average characteristics (S average , T average ):
zonal 0 p west average
Here V is the mixed layer volume, t is the time (1 yr), 0 is a reference density (1027 kg m Ϫ3 ), and c p is the heat capacity (4000 J kg Ϫ1 K Ϫ1 ). A positive number stands for adding FW or H to the western waters. As we assume a steady state of the mixed layer, a time reference of one year is used to allow FW to be expressed as a flux or volume, while H is expressed as flux.
Second, while water in the mixed layer is subducted during advection (Figs. 3 and 6) , subduction is an additional source or sink of heat and freshwater for the mixed layer. The FW and H fluxes through subduction are calculated from the difference between western characteristics (T, S west ) and local (grid point) winter mixed layer base characteristics (S, T MLbase ), because the winter mixed layer base water has the characteristics of the net exported waters (Stommel 1979) . The volume of the subducted water is equal to the transport rates (⌫) versus time (t: 1 yr): 
total zonal subduction
We computed these fluxes in 0.2 kg m Ϫ3 density bins, as is convenient for watermass conversion studies. Although our interest is in the budgets of the mixed layer, for sake of completeness, values for the mixed layer and thermocline are included in Figs. 7 and 8a, and Table 1 . 
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a. Zonal transformation
Mixed layer and thermocline properties in the west are considerably fresher and colder than average characteristics for all densities between 25.2 and 26.8 kg m Ϫ3 (Fig. 7) . Using Eq. (1), this corresponds to a positive freshwater volume (flux) of 15 ϫ 10 12 m 3 (0.48 Sv) and a heat loss of Ϫ0.29 PW for the density range ( Fig. 8a ; Table 1 ).
For the thermocline the fluxes are 15 times as large (freshwater 200 ϫ 10 12 m 3 and heat flux Ϫ4.0 PW), reflecting the longer ventilation time scale of the thermocline. Average and western mixed layer waters denser than 26.6 kg m Ϫ3 are always fresher and colder than average and western thermocline water of the same density. For those densities, subduction freshens/cools the interior. The mixed layer freshwater volume and heat loss have maxima at about 26.6 kg m Ϫ3 (Fig. 8a) , while the respective thermocline maxima are denser at the 27.0 kg m Ϫ3 .
b. Exchange through subduction
During its pathway from west to east, there is a net export of water from the mixed layer into the thermocline. The net export occurs with the winter mixed layer base characteristics. From the difference between local mixed-layer base characteristics and the characteristics of the western water, again the freshwater volume and heat fluxes through subduction are calculated using Eq. (2). In the density range of interest we find a freshwater volume (flux) of 8 ϫ 10 12 m 3 (0.25 Sv) and a heat loss of Ϫ0.14 PW through subduction (Fig. 8b) .
c. Maintenance of average mixed layer properties
With the horizontal and vertical freshwater volumes (fluxes) and heat fluxes calculated, the total freshwater (3)]. In the mean these volumes/ fluxes are needed to maintain the mixed layer watermass transformation within the region of northward meridional Ekman transport.
d. Air-sea exchange
The mean freshwater volume and heat flux through the air-sea exchange can be calculated directly from atmospheric datasets. Unfortunately, the quality of the air-sea flux products is often uncertain. This is particularly true for precipitation estimates, because it is localized in space and time and involves complicated dynamics and thermodynamics, which are difficult to parameterize and resolve in numerical models. To suggest possible errors a number of different datasets are used for the calculations.
Freshwater volume and heat fluxes based on SOC, da Silva et al. (1994a,b) , and bias-corrected NCEP data (NCEP-20W) are similar in density class integrated fluxes (Table 1) . We found a freshwater volume (flux) of order 10 ϫ 10 12 m 3 (0.32 Sv) and a heat loss of order Ϫ0.2 PW. In addition, the surface density-related patterns are similar (Fig. 8c) . The simple bias correction on NCEP of 20 W m Ϫ2 converts the original NCEP data from having a heat gain (ϩ0.2 PW) and only little positive freshwater flux into a heat loss, allowing for higher positive freshwater fluxes. The correction on NCEP compares better to the two observational data-based climatologies.
The freshwater and heat air-sea exchanges are similar to those calculated for the export through subduction (Table 1) . This is in agreement with what is expected from the thermodynamics of subduction (Marshall et al. 1999) . Even the density-related input pattern is similar (Figs. 8b and 8c, right) , emphasizing the importance of heat flux in controlling buoyancy flux to drive subduction. In contrast, the freshwater input patterns of subduction and air-sea fluxes (Figs. 8b and 8c, left) are quite different, emphasizing a peculiarity of freshwater air-sea exchange: unlike heat flux anomalies, the freshwater anomalies do not feed back on the air-sea exchange, which makes a freshwater anomaly more persistent and allows for more efficient advection before export (subduction) into the interior.
To summarize, air-sea exchange contributes a freshwater volume (flux) of 12 ϫ 10 12 m 3 (0.38 Sv) and heat loss of Ϫ0.18 PW. This is about one-half of what is needed to maintain the SP mixed-layer watermass transformations of 23 ϫ 10 12 m 3 (0.73 Sv) freshwater volume (flux) and Ϫ0.43 PW heat loss.
e. Exchanges with the south
Next we calculate the fluxes associated with Ekman transport and with the mesoscale eddy field. First the Ekman transport is inspected. Freshwater volumes and heat fluxes associated with the Ekman transport are derived in two different ways (Fig. 7d): 1) The divergences in the Ekman transport, calculated from the NCEP reanalysis wind stress field, are used in combination with changes in sea surface temperature (SST) and salinity (SSS).
2) The divergences of the average transport in the upper two layers of the SODA analysis in combination with the changes in the average properties (temperature and salinity) are used. Note, only the meridional transport is considered.
Both result in quite similar numbers: the sum of the meridional Ekman layer freshwater volume (flux) is 8 ϫ 10 12 m 3 (0.25 Sv) and for the heat flux is Ϫ0.15 PW. Most of the northward flux is concentrated in the Subantarctic Mode Water density range (26.8 and 27 kg m Ϫ3 ) for which we find a heat gain and a freshwater loss. This result is consistent with warming and salinification of upwelling water along the ACC frontal system. However, for SAMW densities the mixed layer is colder and fresher than the thermocline and on average subduction of mixed layer water would still cool and freshen the SP thermocline.
Next we inspected the potential contribution for the mixed layer watermass transformation through the eddy field. The wind-driven upwelling at the southern rim of the subtropical gyre, the ''Deacon cell,'' maintains an upward tilting of isopycnals and is a source for potential energy. The potential energy is released through baroclinic instabilities that drive a residual meridional circulation directed against the Ekman-driven Deacon cell (Gent et al. 1995; Speer et al. 2000) that may allow for a heat loss of the subtropical gyre (e.g., Marshall et al. 2002) . From repeat XBT sections along 22ЊN in the North Pacific, Roemmich and Gilson (2001) 
. Salinity distribution along density anomaly surface 26.1 kg m Ϫ3 . Note the salty tongue centered at about 30ЊS, which is the core of the water from the western subduction region (S1) spreading eastward. 1.5/1.2 2.5/2.5 2.4/2.4 2.4/2.5 2.4/2.7 3.9/3.9 7.9/7.2 2.8/2.1 2.5/2.5 1.9/1.9 1.5/1.5 1.2/1.2 1.4/1.4 1.6/1.4 a poleward eddy heat transport of 5 ϫ 10 12 W per eddy. For our estimate we utilized the Roemmich and Gilson (2001) results and rescaled them for 30ЊS and the width of the SP. We found a heat loss of Ϫ0.1 PW. Unfortunately, nothing is known about the freshwater fluxes associated with the eddy field.
Overall, Ekman transport divergence and the eddy fluxes may allow for a mixed layer heat loss of Ϫ0.2 PW, which is on the order of the air-sea exchange (Table  1) .
Watermass transformation in the thermocline
The zonal flow at the southern rim of the gyre at 30ЊS is an important pathway for the SP mixed layer and thermocline watermass transformation. The isolated character of the flow was recognized by Stramma et al. (1995) and associated with the southern rim of the subtropical gyre. This flow is, however, north of the South Pacific Current (Stramma et al. 1995) , associated with the subtropical front. From the salinity distribution on 26.1 kg m Ϫ3 (Fig. 9 ) the flow can be identified as a salty tongue centered at 30ЊS. The flow connects the subduction region in the west (S1) and east (S2). During eastward advection the core salinity decreases through mixing with fresher water, subducted from the southern outcrop region (S3). For a zonal flow, lateral diffusion can play an important role in modifying interior properties (e.g., Gordon et al. 1997) . A simple balance between horizontal advection (u) and meridional diffusion was tested for the temperature (T) and salinity (S) distributions on isopycnal surfaces, allowing estimates of the strength of the attenuation of T and S, expressed in a lateral diffusion coefficient (K y ):
‫ץ‬x ‫ץ‬y ‫ץ‬x ‫ץ‬y
Lateral diffusion coefficients are derived using data between 160Њ and 100ЊW. The zonal gradients in T and S are quasi constant between these two longitudes. A hyperbolic fit to meridional gradients in temperature and salinity is applied using data in the latitude range from 40Њ to 20ЊS. We use an average eastward core speed of 1 cm s Ϫ1 with a depth dependence based on the average shear profile from the SODA analysis fields. The lateral diffusion coefficients (K y ) obtained ( In conclusion, lateral diffusion is the main distributor for water subducted at the southern rim of the gyre, which gradually transforms western into eastern properties. A similar result, with respect to lateral diffusion, was obtained for the deeper thermocline layers of the poleward rim of the North Atlantic subtropical gyre using helium/tritium data (Robbins et al. 2000) .
The low-sea surface salinity tongue
We now investigate why the surface salinity in the southeast Pacific includes a fresh surface tongue (S min ) centered at approximately 45ЊS and how it is maintained against the mean flow. The precipitation-evaporation balance does not have a local maximum at the S min core density (Fig. 4d) , which is what one would expect if a positive freshwater flux were the reason for the fresh surface tongue.
Zonal mixed layer flow versus mixed layer density shows horizontal shear ( Fig. 10) freshwater flux or advection from the south can modify the ''slow'' water more than water that is more rapidly advected. The consequence is a tongue of low sea surface salinities centered at the density of the slowest flow. This explanation for the S min formation does not require westward flow, as expected in the past (Deacon 1977) but never observed (e.g., Tsuchiya and Talley 1998) . The mixed layer water is subducted into the thermocline and modifies its properties mainly through lateral diffusion.
Discussion and conclusions
Watermass transformation in the South Pacific, south of 30ЊS, was investigated to explain the formation of the Shallow Salinity Minimum Water and its outcrop, a tongue of low sea surface salinity (S min ). The S min / SSMW were found to be the surface/interior manifestation of a large-scale west-to-east watermass transformation of mixed layer and thermocline waters. Freshening is caused by a positive precipitation Ϫ evaporation balance and transport processes. Transport here means the import of low salinity and cold water from the south of the subtropical gyre within the northward meridional Ekman transport region. Also, heat is exported by eddies to the south and eddy freshwater fluxes are probably northward. The freshening and cooling affects densities greater than 25.0 kg m Ϫ3 , that is, water having its outcrop south of where the meridional Ekman transport is zero (approximately south of 30ЊS). The freshest densities in S min and SSMW are near 26.0 kg m Ϫ3 . A heat and freshwater budget for the mixed layer was calculated for densities associated with the northward meridional Ekman transport. In the mean, a freshwater volume (flux) of 23 ϫ 10 12 m 3 (0.73 Sv) and a heat loss of Ϫ0.43 PW are required to maintain the watermass transformation taking place in the mixed layer. At the eastern boundary of the South Pacific, transformed waters move toward the equator as part of the subtropical gyre circulation. The associated heat flux estimated from the mixed layer budget is similar to the heat flux associated with the shallow overturning circulation of the South Pacific (Talley 2003) . The mixed layer budget showed that air-sea exchange and transport from the south both contribute the same volume of freshwater and heat loss. Such pronounced influence of water from south of the subtropical gyre on the composition of SP thermocline water properties is remarkable and in line with the distribution of ⌬ 14 C (Toggweiler et al. 1991 ). The S min tongue appears to emanate from the eastern boundary centered at about 45ЊS. However, in the past no direct evidence for a westward flow was found (Deacon 1977) . Because the precipitation Ϫ evaporation balance does not have a maximum for lowest salinities in S min , a dynamical explanation but for an eastward flow is suggested. The eastward flow along the southern rim of the subtropical gyre has a minimum where S min has lowest salinities (ϳ26.0 kg m Ϫ3 ). Water of that density experiences the largest freshening during its west-toeast transit and the S min tongue appears to emanate from the east, against the flow. Sources of the freshening are the positive freshwater flux and the northward advection of low-salinity water from south of the gyre. Sea surface temperature will not form a tongue. This emphasizes a fundamental difference of how atmosphere and ocean communicate in terms of heat and freshwater: heat fluxes and sea surface temperature always feed back on each other while this is not true for freshwater fluxes, making freshwater anomalies a more persistent feature.
The mixed layer water enters the interior at three subduction sites (Fig. 11) : in the Tasman Sea to the west (S1), in the east, off Chile (S2), and along the southern rim of the subtropical gyre (S3). The mixed layer and interior pathway is from S1 to S2 in an eastward flow that turns northwestward toward the equator in the east. During advection, mixed layer properties are modified through air-sea interaction and northward transport of fresher and colder water from south of the gyre. The subduction of continuously freshened mixed layer water at the southern rim of the gyre (S3) modifies the interior properties consistent with a diffusion coefficient of order 2000 m 2 s Ϫ1 and in agreement with other studies, for example, in the North Atlantic (Robbins et al. 2000) . Because that water that subducts in S3 is in part from south of the subtropical gyre it is part of the link between shallow and deep water cells of the ''global conveyor VOLUME 34
11. Schematic representation of the South Pacific STC. Three subduction regions (S1-S3) are fed from the upwelling regions and communicate through mixed layer and interior pathways. The zero meridional Ekman transport line (dotted) separates high-and lowlatitude influence. Subduction along the southern rim of the gyre (S3) modifies the water from S1 via lateral mixing. The shear in the eastward mixed layer flow (arrows) generates a tongue of low sea surface salinities (S min ). See text for further details. belt'' scheme (e.g., Schmitz 1996; Speer et al. 2000; Rintoul and England 2002) .
Subduction in the southeast (S2) is the ''classical'' downward branch of the South Pacific STC (Gu and Philander 1997; Johnson and McPhaden 1999; McPhaden and Zhang 2002) . Here, the densest but freshest part of the STC water is the Shallow Salinity Minimum Water (Reid 1973) . Assuming its maximum salinity to be 34.4, its formation rate is of order 3 Sv (Fig. 12) . Transports increase for more salty waters associated with the South Pacific Eastern Subtropical Mode Water (Hanawa and Talley 2001) to an about 20 Sv overall formation. Recently, the formation of SPESTMW was found to be of order 9 Sv, but only for those waters with a very low potential vorticity signature (Q Ͻ 3 ϫ 10 Ϫ10 m Ϫ1 s Ϫ1 ) (Wong and Johnson 2003) . The ''diffusive'' renewal of water denser than that subducted along the South American Coast (Ͼ26.1 kg m Ϫ3 ) makes the SP lower thermocline ventilation rather sluggish. In combination with the subsurface poleward advection of low-oxygen water along the eastern boundary an extensive oxygen-minimum zone is maintained.
As the freshening of the mixed layer, and subsequently the thermocline, occurs during a number of years, it acts as a ''low-pass filter'' for variability. This variability could, for example, be introduced from a decadal variability in the wind field changing Ekman transport and Ekman pumping (curl) at the southern rim of the gyre. Indeed, there is support for such a southern SP source of Pacific decadal variability. Garreaud and Battisti (1999) found strongest correlation between decadal variability of an equatorial sea surface temperature index with surface winds and sea level pressure just over the region identified here as the transformation path of mixed layer and thermocline waters. In terms of the extratropical/tropical atmospheric link suggested by Gu and Philander (1997) it should be noted that precipitation over large parts of the SP is controlled by the location and strength of the South Pacific convergence zone. Hence most of the precipitation that contributes to the formation of S min should have its origin in the equatorial Pacific.
One further aspect of the SP mixed layer watermass transformation presented here is in relation to the ''slow teleconnection'' between the El Niño-Southern Oscillation and the Antarctic circumpolar wave. Peterson and White (1998) analyzed Southern Hemisphere sea surface temperature, precipitable water, and sea level pressure data between the mid-1980s and the mid-1990s for propagating anomalies. They report on a southward propagation of anomalies originating from the western subtropical SP (here, western subduction region S1) that are carried into the other oceans with the Antarctic Circumpolar Current on a time scale of 6-8 years. However, in light of the watermass transformation presented here, a shift from stronger to weaker westerly wind stress would reduce the heat and freshwater transport from the south, which in turn would result in an increase of sea surface temperature along the southern rim of the gyre. Such a reduced cooling of the western water could appear as a southward propagation of a sea surface temperature anomaly although it is associated with a northward (but slower) advection. Thus the propagation may be from the Southern Ocean into the Pacific rather then vice versa. K A R S T E N S E N mate Diagnostics Center, Boulder, Colorado, from their Web site. Many thanks are given to J. Carton, G. Chepurin, and X. Cao for providing the SODA analysis fields. Comments from D. Quadfasel, F. Schott, two reviewers, and L. Talley are acknowledged.
